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Abstract
Osmotically driven turgor pressure of plant cells can be higher than that of a car tire. It puts tremendous
forces onto cell walls and drives cell growth and changes in cell shape. This has given rise to unique
mechanisms to control organ formation compared to metazoans. The fascinating interplay between
forces and local cellular reorganization is still poorly understood. Growth of lateral roots is a prominent
example of a developmental process in which mechanical forces between neighboring cells are generated
and must be dealt with. Lateral roots initiate from a single cell layer that resides deep within the primary
root. On their way out, lateral roots grow through the overlying endodermal, cortical, and epidermal cell
layers. It was recently demonstrated that endodermal cells actively accommodate lateral root formation.
Interfering genetically with these accommodating responses in the endodermis completely blocks cell
proliferation in the pericycle. The lateral root system provides a unique opportunity to elucidate the
molecular and cellular mechanisms whereby mechanical forces and intercellular communication regulate
spatial accommodation during plant development.
A plant’s life: development under pressure
Intercellular communication is central for the develop-
ment of an organism. Beyond biochemical cues,
mechanical forces also contribute to the regulation of
differentiation and development [1–5]. The ability to
sense and respond to mechanical stimuli such as gravity,
touch, osmotic pressure, or the resistance of the cell wall
is a critical feature of every plant cell. Mechanical forces
are not exerted just by the environment; they are intrinsic
to all levels of plant architecture [6]. At the tissue level,
mechanical stresses are generated when neighboring cell
layers exhibit differential extensibility [7].
Unlike mammalian cells, plant cells are non-motile,
interconnected through their cell wall, and under con-
siderable turgor pressure. This poses specific problems.
How do plant cells deal with the mechanical constraints
generated when surrounding cells undergo differential
growth? How do these surrounding cells accommodate a
newly formed organ? Their physical connection through
cell walls facilitates the propagation of mechanical signals
arising from pressure differences and differential growth
[8]. Plant genomes lack clear homologs of mammalian
mechanosensors. This suggests that plants have evolved
other mechanisms to perceive and deal with mechanical
stresses generated during development. Although we have
gained new insights into how this might work on the
surface of plants [2,9,10], we still do not know how plants
deal with mechanical constraints in inner cell layers and
during developmental processes that heavily depend on
the responses of surrounding cells.
Lateral root formation: the birth of a new meristem
A beautiful example of such a process is root branching
through the formation of lateral roots. These post-
embryonically formed organs initiate deep within the
primary root and need to grow through to overlying cell
layers in order to emerge on the surface of the root.
Lateral root formation plays a vital role during plant
growth as a branched root system provides a mechanism
for the plant to explore the soil for water and nutrients as
well as providing anchorage.
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In Arabidopsis thaliana, lateral root formation is a devel-
opmental process that is receptive to the intrinsic
mechanical constraints imposed by the overlying layers
and depends heavily on their accommodating responses
[11–14]. Owing to the simple anatomy of Arabidopsis
roots, its accessibility for microscopy, and its large genetic
toolbox, Arabidopsis lateral root formation has proven to
be an excellent model to study pattern formation and
organ development in plants. Lateral roots initiate from
the pericycle, a cell layer located deep within the primary
root, confined between the vascular bundle and the
endodermis, necessitating growth through overlying
endodermal, cortical, and epidermal cell layers to emerge
on the surface of the root (Figure 1) [4,15,16]. These
features make lateral root formation a perfect model
system to study the mechanisms plants have evolved to
deal with mechanical constraints to accommodate devel-
opment. For example, how do the pericycle cells and the
primordium overcome the mechanical constraints pro-
vided by the surrounding and overlying cells during this
process? On the other side, do surrounding and overlying
cells accommodate this growing organ and how do they
do so? Do all cell layers impose the same mechanical
resistance? How important is cell volume control during
this process? Recent studies have revealed that mechanical
constraints provided by the overlying cell layers play a
crucial role during lateral root formation [11,14,17,18].
This has added an extra layer of complexity to lateral root
Figure 1. Arabidopsis thaliana lateral root initiation
Schematic representation of the different developmental steps of lateral root initiation in Arabidopsis. Lateral root founder cells are primed at the oscillation zone
in the basal root meristem. Subsequently, founder cell specification takes place through the IAA28 and IAA14/SOLITARY ROOT (SLR) auxin signaling modules.
Concomitantly, lateral root founder cells increase in volume and their roundup nuclei synchronously migrate to the common cell walls. This process is
dependent on endodermal volume loss or shape change mediated by an endodermal SHORT HYPOCOTYL 2 (IAA3/SHY2) auxin signaling module. After
formative divisions, different auxin signaling modules, including SLR, IAA12/BODENLOS (BDL), and SHY2, and their interacting AUXIN RESPONSE FACTORS
(ARFs) mediate the development and emergence of lateral roots, giving rise to a branched root system. Interfering with endodermal volume loss by
expressing the stabilized repressor shy2-2 in the endodermis blocks volume increase and nuclear migration in the lateral root founder cells and results in plants
without a branched root system.
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development. In this report, we try to integrate these
new findings in the model of Arabidopsis lateral root
initiation. We will not cover the intriguing aspects of
lateral root growth through the overlying cell layers as this
was recently covered elsewhere [16].
Preparing for birth: keeping the hormones in check
As stated above, lateral roots arise from the single-layered
pericycle. This cell layer can be divided in two different
types of cells: phloem pole and xylem pole pericycle
cells. The first displays the feature of differentiated cells,
whereas the latter displays the feature of meristematic
cells because of their dense cytoplasm and a fragmented
vacuole [19]. Lateral roots initiate from asymmetric or
formative divisions of triplets of adjacent xylem pole
pericycle cells, resulting in a stage I lateral root
primordium [4,15,16]. However, prior to these forma-
tive divisions, the xylem pole pericycle cells need to be
specified as lateral root founder cells. Although this has
been intensively studied for several years, the precise
mechanism that patterns these cells to have the potential
to become a lateral root is still not clear [20].
The plant hormone auxin triggers lateral root formation
and is essential for the specification of lateral root
founder cells. The specification and regular spacing of
lateral root founder cells take place in the basal meristem
of the root [21–23]. The zone where the xylem pole
pericycle cells are specified is also known as the
oscillation zone, as it was shown that different auxin
signaling reporters displayed recurring expression in this
zone that correlated with the occurrence of lateral root-
forming competent zones [21,22]. It was shown that the
oscillations were operating independently of local auxin
levels [22]. As the study used a LUCIFERASE-based
reporter, the cellular resolution was not sufficient to
identify the cell layer(s) and the amount of cells that
exhibited oscillating gene expression. As the lateral roots
appear to initiate from these cells, it is assumed that they
have a xylem pole pericycle identity. Interestingly,
oscillations seemed to occur on both xylem poles.
Under normal conditions, lateral roots form only at
one side of the xylem poles usually followed by an
oriented left-right pattern of lateral root formation. Only
the cells in the oscillation zone that showed sustained
DIRECT REPEAT 5 (DR5)-driven expression developed
into a new lateral root, indicating that there is an
additional level of regulation between founder cell
specification and the transition into the lateral root
developmental program. The fact that founder cell
specification and lateral root initiation are distinct events
was also supported by the observation that the transcrip-
tional oscillation period was shorter than the frequency
at which lateral roots initiate [20,22].
The observed oscillation of the auxin signaling reporters
in the basal meristem confirmed the importance of auxin
signaling in the process of lateral root founder cell
specification and the transition to lateral root initiation.
It is important to understand that the synthetic DR5
promoter consists of repeats of seven auxin-responsive
elements to which the AUXIN RESPONSE FACTOR
(ARF) transcription factors bind to activate gene expres-
sion [24]. In Arabidopsis, the transcriptional response to
auxin by ARFs is modulated by the AUX/IAA repressor
proteins that interact and inhibit the ARFs. An increase in
the cellular auxin concentration leads to the degradation
of the AUX/IAAs, releasing the ARFs from their inhibition
and thereby allowing auxin-dependent transcription
[25]. In the last few years, several auxin responsemodules
operating at different steps of lateral root formation have
been identified [4,26–29].
The plant hormone cytokinin antagonizes the effect of
auxin during lateral root initiation as it does in other
developmental processes. Through modulation of the
cytokinin levels, signaling, or perception, lateral root
formation can be severely disturbed. This is thought to be
due to cytokinin’s effect on auxin transport and home-
ostasis that is required for the lateral root founder cells to
enter mitosis [30–33].
Formative divisions in the pericycle: all needs to be swell
After the specification, the triplets of adjacent lateral root
founder cells undergo asymmetric or formative divisions
giving rise to a stage I lateral root primordium. Before
they undergo cell division, these cells cannot be dis-
tinguished from other pericycle cells without the use of
specific reporter lines. Using reporters for auxin signaling
or a transcriptional regulator of lateral root founder
cell specification, GATA23, it was revealed that prior to
formative divisions, the lens-shaped nuclei of founder
cells round up and synchronously migrate to the
common cell walls [26]. Nuclear migration is tightly
linked to lateral root initiation, and several auxin
signaling mutants with strong lateral root phenotypes
are impaired in this process [26,34]. Besides the
involvement of auxin itself, little is known about the
underlying mechanism of nuclear migration. Recently, it
was reported that Arabidopsis thaliana MYOSIN XI-i
(AtMYOSIN XI-i) links the nuclear membrane to the
cytoskeleton to control nuclear movement and shape.
myosin xi-i mutants showed severely affected nuclear
movement and defective darkness-induced nuclear
movement [35]. Although this study did not mention
anything regarding lateral root initiation, it will be
interesting to see whether AtMYOSIN XI-i or other
myosins are required for rounding and migration of
the nuclei. AtMYOSIN XI-i was linked to the plant actin
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cytoskeleton through interaction with WPP domain-
interacting tail-anchored protein 1 (WIT1) and WIT2
[35]. It is surprising that the role of actin organization
and dynamics during lateral root initiation (that is,
nuclear migration) has been so little explored.
Although most of the visible steps toward formative
divisions take place in the lateral root founder cells, recent
studies have shown that the direct neighbor, the endo-
dermis, plays an essential role in their progression to the
lateral root initiation stage [14,36]. First it was reported
that a reflux of pericycle-derived auxin between the
endodermis and the pericycle assists the progression of
lateral root founder cells into lateral roots [36]. This reflux
is mediated by the auxin efflux carrier PIN3 since pin3
mutants showed a delay in the transition from founder cell
specification to stage I primordia. Interestingly, PIN3-GFP
displayed a polar localization in the plasma membrane of
overlying endodermal cells facing the founder cells [36].
Another recent study revealed an even more important
role of the endodermis during lateral root initiation. The
endodermis contains hydrophobic impregnations of the
primary cell wall that fuse into a supracellular network
between endodermal cells: the Casparian strips. These
impregnations consist of lignin, an inelastic phenolic
polymer that is resistant to chemical degradation, making
it an extra-resistant cell layer [37–39]. By employing four-
dimensional imaging using light-sheet microscopy, it was
shown that, concomitantly with nuclear migration, lateral
root founder cells increase in volume and that this needs
to be accompanied by shrinkage or deformation of the
overlying endodermis or both [14]. Interestingly, by
expressing the short hypocotyl 2 (shy2)-2 gain-of-function
allele of the AUX/IAA IAA3 specifically in elongating
endodermal cells to strongly reduce its auxin responsive-
ness, it was shown that a SHY2-mediated auxin signaling
module is essential for lateral root formation [14].
Although lateral root founder cell specification still
occurred in these CASP1pro::shy2-2 plants, they displayed
a complete block of formative divisions, resulting in plants
with a complete absence of lateral roots. It was suggested
that auxin derived from lateral root founder cells is
perceived by the endodermis through a SHY2-dependent
auxin signaling module [14]. The endodermis, in turn,
needs to signal back to the founder cells to allow them to
increase their cell volume and entermitosis. It appears that
the lateral root founder cells in CASP1pro::shy2-2 plants
perceive the non-responding endodermis as an increased
resistance to their expansion growth, resulting in a
complete block of lateral root initiation (Figure 1). This
revealed for the first time that the direct neighbor of the
pericycle, the endodermis, has an essential role in lateral
root initiation through accommodating the expanding
pericycle cells.
Lateral root initiation: a model to understand the
mechanism of spatial accommodation
The observation that lateral root founder cells need to
increase their volume prior to the formative divisions
and the necessity of spatial accommodation by the
overlying endodermis raises some interesting questions.
How do lateral root founder cells swell? How does the
endodermis signal back to the pericycle? Does this
involve mechanical forces?
A recent study revealed that plant roots use a patterning
mechanism to position lateral roots toward available
water in the soil, named hydropatterning [40]. This
mechanism already affects lateral root formation during
founder cell specification. It was shown that hydraulic
conductivity from the surface is important for hydro-
patterning and that auxin transport involving the efflux
carrier PIN3 plays an important role [40]. Together with
the observation that auxin affects hydrodynamics
through the regulation of the function of aquaporins
[18], it may well be that aquaporins are involved in the
volume increase of lateral root founder cells. In this light,
the recently identified pericycle/endodermis interaction
provides a good model to understand whether and how
plants can establish a differential turgor pressure.
Although several studies on lateral root formation
suggest that this occurs, the direct evidence is still lacking
[14,18,41]. The observation that plant cells can regulate
the symplastic connections between cells, through the
opening and closing of plasmodesmata, provides a new
tool to study whether disrupting symplastic connectivity
in a cell type-specific manner is required or sufficient for
the generation of differential turgor pressure [42].
Indeed, a recent study revealed that lateral roots gradually
become symplastically isolated during their develop-
ment. Interestingly, it was also shown that disruption of
the intercellular connectivity of xylem pole pericycle cells
through cell type-specific induction of callose deposition
disturbed normal lateral root patterning [43]. It would be
interesting to see whether this treatment changes the cell
size of the xylem pole pericycle cells or whether callose
deposition in the cortex or epidermis, layers that are
accessible to pressure probes, alters the turgor pressure of
the symplastically isolated cells. However, it should be
taken into account that massive induction of callose is
normally used as a defense mechanism in plants [44],
which might complicate the interpretation of the
obtained results.
Lateral root initiation is perceptive to mechanical stimuli
and it has been shown that this involves a rapid calcium
response [12,45,46]. The involvement of mechano-
signaling is also supported by the observation that the
endodermis actively needs to accommodate the swelling
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of the pericycle cells to promote lateral root initiation
and that failure to do so completely blocks lateral root
formation. As the volume increase might involve changes
in turgor pressure, it could be that some mechanosensi-
tive ion channels play an important role in pericycle/
endodermis interaction. Clear candidates would be the
homologs of the bacterial mechanosensitive channels of
small conductance, such as the MscS-like (MSL) homo-
logs that have been shown to have mechanosensitive
activity in Arabidopsis protoplasts. However, plants in
which all root-expressedMSL isoforms were knocked out
responded to mechanical stress like wild-type plants and
did not show any obvious lateral root phenotypes [47].
Another exciting possible candidate is the recently
identified reduced hyperosmolality-induced [Ca2+]i
increase [4] (OSCA) family that was shown to mediate
osmotic stress-evoked Ca2+ increases that are vital for
osmosensing in Arabidopsis [48]. This family might prove
to be an important player as it might link Ca2+ increase to
volume changes during lateral root initiation.
Microtubule organization has been shown to be recep-
tive to changes in mechanical stresses in leaf pavement
cells and in the shoot apical meristem [2,9,10]. More-
over, the microtubule-severing protein KATANIN was
shown to be required for the competence of cells to
respond to the mechanical forces generated by growth
[10]. Therefore, it would be interesting to visualize
microtubule dynamics in xylem pole pericycle cells and
the endodermis during lateral root initiation and to test
whether KATANIN also plays a role during lateral root
initiation.
In the coming years, it will be important to incorporate
computational morphodynamics in our studies. To
better understand the role of cell volume and cell
shapes during lateral root initiation, we need to
implement three-dimensional segmentation of root
tissues. Recent studies have already shown that this
can lead to novel biological insights during plant
development [49,50]. It will also be important to
increase the cell type-specific promoters available in
the Arabidopsis toolbox. For example, xylem pole
pericycle-specific promoters besides the miR390 and
GATA23 promoters [26,51] will be crucial as they will
allow better imaging and genetic manipulation of these
cells and might reveal novel biological insights as
recently shown for the endodermis [14].
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